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Dust is ubiquitous in the Universe and its influence on the observed Electromagnetic (EM) radia-
tion needs to be correctly addressed. In recent years it became clear that scattering of EM radiation
from interstellar dust grains could change the local properties of the observed Cosmic Microwave
Background (CMB) radiation. Here we consider the relevant processes of emission and scattering
of EM radiation from spinning dust particles, and discuss their possible influence on the CMB. In
particular, we show that scattered radiation can establish a correlation between different spectral
components of galactic dipolar emission. This could explain the observed correlation between the
CMB and the 100-micron thermal emission form interstellar dust. Another important property of
CMB is related with its polarisation anisotropies, and the observation of a cosmological B-mode.
We show that scattering of CMB radiation from dust grains in the presence of a static magnetic field
could indeed create a B-mode spectral component, which is very similar to that due to primordial
gravitational waves. This can be described by a kind of Cotton-Mutton effect on the CMB radiation.
PACS numbers:
I. INTRODUCTION
It is well known that dust is ubiquitous in the Uni-
verse, and their basic properties can be found in [1, 2].
In particular, it was first noticed in 1949 that interstellar
dust grains are aligned [3–6] and since then, many as-
pects of dust grain dynamics have been discovered. The
influence of dust dynamics on the measurements of the
cosmic microwave background (CMB) have mainly been
understood as a source of contamination that was nec-
essary to be removed from the observational data. Cur-
rently, the analysis of the influence of the dust dynamics
on the CMB depend on a large degree of extrapolation
and modelling of the rotational dynamics of the grains
[7].
Of particular importance in the study of CMB are the
anisotropies of their fundamental parameters, most no-
tably the temperature and polarisation anisotropies. In
the case of the later, the analysis is done in terms of the B
and E modes, measured in terms of two Stokes parame-
ters Q and U that are analogous to decomposing a vector
field into a gradient part (E) and a divergence free curl
part (B). The accurate detection of the B and E mode are
extremely important in the understanding of the struc-
ture of the early Universe. Cosmological perturbations
are typically distinguished between scalar (e.g. energy
density perturbations), which produce only E-mode po-
larisation, or tensor (e.g. gravitational waves), which is
evident by the existence of the cosmological B-mode spec-
tral component.
It has been suggested that the B mode signal in BI-
CEP may correspond (totally or partially) to a dust arte-
fact [8], which reinforces the importance of understand-
ing the impact of interstellar dust on the distribution of
the B and E modes in the night sky. More recently, it
was noted from satellite observations, that the B-mode
signal is compatible with the level of thermal emission
from interstellar dust [9], thus making the explanation of
the observed B-mode based on dust grain emission more
plausible. Here we propose a new mechanism leading to
a B-mode signal, which is nearly independent of the dust
temperature and only depends on the propagation prop-
erties of CMB radiation across magnetized dust grains.
Much of the dust grain rotational dynamics on its own
does not single out any preferred direction and to ex-
plain the microwave polarisation requires some mecha-
nism that causes the dust grains to align themselves lo-
cally, such as the galactic magnetic field. The method-
ology followed here is to derive the equivalent dielectric
tensor for each point of space considering that there ex-
ist some dust grains with electric and magnetic moments.
Then, using special ray-tracing equations, compute the
propagation of microwaves through a magnetic pinch gen-
erated by a current loop. This allows us to estimate the
intensity and polarisation state at some far away image
plane.
We consider an extended region of space occupied by
a magnetised dust cloud. We assume the presence of a
static magnetic field B = (0, 0, B0), such that the dust
rotation is constrained to the perpendicular plane. This
means that the grain has a magnetic dipole moment dq,
with components dg = dq(cosφ, sinφ, 0). This creates
an anisotropy in the medium, such that the ordinary and
extraordinary modes (polarised parallel and perpendicu-
larly to the static field) will propagate with a different
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2Figure 1: Schematic representation of the simulations scheme. (a) A ray is
emitted from the last scattering surface (LSS) in the far field at a point P , and
propagates through a structure of dust fluid and separated into a ordinary and
extraordinary ray, each with a specific polarization, until they reach the imaging
surface near the observer and image at di↵erent points, respectively P o and P e.
(b) During the propagation of a ray across the dust fluid, the orientation of the
polarization of the ordinary and extraordinary rays may be altered.
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FIG. 1: Representation of the simulations scheme. (a) A
ray is emitted from the last scattering surface (LSS) in the
far field at a point P , and propagates through a structure
of dust fluid and separated into a ordinary and extraordi-
nary ray, each with a specific polarisation, until they reach
the imaging surface near the observer and image at different
points, respectively Po and Pe. (b) During propagation of a
ray across the dust fluid, the orientation of the polarisation
of the ordinary and extraordinary rays may be altered.
phase velocity. We then consider propagation of depo-
larised radiation through the medium. The anisotropy
will be responsible for partial polarisation of the back-
ground radiation, which will increase with the size of the
dust cloud, the magnitude of the static magnetic field,
and the dipole moment of the dust particles.
We have preformed ray tracing simulations of ini-
tially depolarised radiation and computed the expected
changes in the local polarisation states. The observed
polarisation outside the cloud, will reflect the eventual
changes in magnetic field strength and cloud density. Fig-
ure 1 represents our simulation scheme. Details of the
propagation model can be found in the Supplementary
Material. Simulations of ordinary and extraordinary rays
across the dust cloud were performed using some plausi-
ble physical assumptions, to be specified later.
II. OPTICAL PROPERTIES OF THE DUST GAS
The equation of motion for the rotation of the grain
dipole moment (represented with index q) in the presence
of an electric field E(r, t) is (c = µ0 = 0 = 1).
dLq
dt
= dq ×E(rq, t)− γLq , (1)
where the last term on the right hand side describes an
effective rotational drag with coefficient γ. We assume
that there is a strong local magnetic field B = (0, 0,B0)
that constrains the rotation of the dust to a plane, such
that dq = d(cosφ, sinφ, 0). The choice of this geome-
try can be understood in the following way [10, 11]: the
FIG. 2: Depolarization induced by a circular current loop,
assuming a uniform initial ray distribution and that the dust
density is uniform inside the torus: a) the geometry of the
current loop; b) the final polarisation anisotropy observed far
away.
electric and magnetic moments are usually not aligned,
and the magnetic moment is aligned along B. Therefore,
only the perpendicular component of the electric dipole
moment can vary in time. Combining this result with
the Maxwell equations
∇×E = −∂tB ,∇×H = ∂tD ,∇·D = 0 ,∇·B = 0 , (2)
the associated constitutive relations (D = 0¯dustE, and
B = µ0H), and taking an average over a small element
of volume yields the following dielectric tensor
¯dust =
 0dust + δd2/2 0 00 0dust + δd2/2 0
0 0 0dust + δd
2
 .(3)
For a Fourier component of the electromagnetic field with
frequency ω, we can use
0dust = 1−
γ2 + 2iγω
ω2
, δ =
ω − iγ
ω3
n0I
−1
q , (4)
where Iq is the dust moment of inertia.
3FIG. 3: Ray-tracing simulations of the CMB radiation propa-
gating across the magnetized dust gas. The first column rep-
resents the intensity pattern of the ordinary mode Iord, the
second column corresponds to the intensity of the extraor-
dinary mode, Iext, the third column gives the difference be-
tween these two intensities (Iord − Iext, which approximately
corresponds to the B-mode, and finally the fourth column in-
dicates the total energy (Iord + Iext. The upper raw gives
the initial conditions, which show some residual fluctuations
inherent to the numerical method. The mid raw corresponds
to large scale oscillations of the size of those observed in the
CMB data, and the lower ray shows the results when some
additional smaller scale oscillations are also added.
FIG. 4: Ray-tracing simulations of polarisation anisotropies
created by density fluctuations of a magnetized dust gas: evo-
lution of the B-mode pattern with the distance.
The dielectric tensor ¯dust has a degeneracy in terms
of the principal axis, implying that the equivalent opti-
cal medium is uniaxial and the propagation of electro-
magnetic waves must be described in terms of ordinary
and extraordinary waves, each with distinct polarisation
states. The dielectric constants parallel and perpendicu-
lar to the principal axis are
‖ = 0dust + δd
2, ⊥ = 0dust + δd
2/2. (5)
The principal axis of this effective medium is aligned with
the magnetic field, which can typically vary over different
regions of space. As a result, the fluid of dust exhibits
local birrefrigence oriented by the local magnetic field
(similar to the Cotton-Mouton effect) and characterised
by the difference in parallel and perpendicular dielectric
constants ∆ = ‖−⊥. Since both 0dust and δ have real
and imaginary parts, the refractive index and absorp-
tion coefficient is distinct for ordinary and extraordinary
waves, and consequently ∆ must also have an imagi-
nary part. As a result, the state of polarisation of light
must necessarily change for a wave propagating in this
medium, which can result in changes in the components
of the B and E modes.
III. RAY TRACING
In the simulations we apply the model developed by
Sluijter et al. [12], where a ray is defined as the trajectory
of the Poynting vector given by the integral curve of the
Poynting vector field in terms of some parameter τ , as
illustrated in Figure 1. The trajectory of a beam of light
propagating in a anisotropic medium can be obtained
from the dispersion relation of the medium ω(r,p) =
ωo(e)(r,p), with
ωo(r,p) = |p|2 − ⊥ , (6)
ωe(r,p) = ⊥|p|2 − ⊥(⊥ + ∆) + ∆(p ·O)2 , (7)
being respectively the dispersion relations for the ordi-
nary and extraordinary waves, and where O is a unit
vector parallel to the local optical axis of the medium,
usually refereed as the director. Also, ⊥ = ⊥(r),
∆ = ∆(r) and O = O(r) are assumed to be func-
tions of the position, and p is the wavevector expressed
in units of c = 1. Then, the ray tracing equations can be
written in canonical form as
dr
dτ
= α
∂ωo/e
∂p
,
dp
dτ
= −α∂ωo/e
∂r
, (8)
where α is an arbitrary function of order one, and influ-
ences only the parametric presentation of the ray posi-
tion. In this formulation, the ordinary and extraordinary
electric polarization vectors can be obtained respectively
as
eo =
p×O
|p×O| , ee =
(p×O)×∇pωe
|(p×O)×∇pωe| , (9)
which allows us to compute the standard Stokes param-
eters, necessary to determined the components of the B
and E modes. The number of rays used in each numerical
simulation varies between 100 thousand and 400 thou-
sand rays, with initial conditions chosen randomly in the
perpendicular plan. The final image results from accu-
mulation of rays on a grid of 256×256 cels. The resulting
statistical error on each cell is of the order of 10 percent.
4The simulation box contains 300 units, and the mag-
netic field and the dust grain density are assumed to
follow a super-Gaussian distribution with a width cor-
responding to 20 units. Such a distribution establishes a
smooth boundary between the cloud and the empty re-
gion, and a uniform density is assumed inside the cloud.
Density perturbations of up to 1 percent are added to
these super-Gaussian profiles. They are described by a
random field with a Fourier spectrum obtained from an
extrapolation of the observational data.
We first explored the case where depolarisation is due
to a magnetic field generated by a circular current loop.
In the simulations we assume that the intensity of the
background radiation in the far field is randomly dis-
tributed, and on the average, is uniform. We also neglect
radiation losses, which means that we neglect the even-
tual side scattering of both radiation modes by dust par-
ticles. Finally, the density of dust particles is a smoothed
out torus, centred on the current loop. It should also be
added that, in the simulations, we have not intended to
match specific physical parameters, but only to illustrate
the potential use of the model as a diagnostic tool for
astrophysical phenomena.
We assume the loop is at an angle of 45 degrees with
respect to the direction pointing towards the observer,
as shown in Figure 1a. The resulting depolarisation is
represented in Figure 1b, where maxima and minima of
polarisation anisotropy can be observed. This is similar
to those observed in the so-called B-mode of the cele-
brated CMB measurements.
A second source of polarisation can be associated with
the density granulation of the dust cloud, in a magnetic
field background. In order to be more specific, we have
made a space Fourier analysis of the CMB signal, and ar-
rived at a two-dimensional pattern, which is represented
in Figure 3, and the resulting granulation is assumed
as a dust density or magnetic field granulation. Only
static fluctuations are assumed, which means that even-
tual changes in the structure of the dust cloud can only
occur in a time scale much larger than the escape time
of radiation across the cloud. The resulting polarisation
anisotropy is then calculated, and the results are shown
in Figure 4.
From left to right, this figure represents the intensity
of the ordinary wave, the intensity of the extraordinary
wave, the difference between these two intensities (the as-
sumed B-mode) and the some of the two intensities (total
intensity). The first row represents the initial conditions,
assumed for the radiation spectrum, before entering the
dust cloud. These initial conditions also show the level of
noise associated with the ray tracing simulations. Only
fluctuations well above this numerical noise is physically
significant. In the mid row, we show the results obtained
for a fluctuating dust density, in a fluctuating magnetic
field, where the scales of both fluctuations are of the same
order. Finally, in the last row, some short scale density
fluctuations were added. Again, strong similarities with
the observed B-mode of CMB radiation can be stated.
IV. CONCLUSIONS
In conclusion, we have studied the polarisation changes
induced by a magnetised dust cloud on a background
spectrum of electromagnetic radiation. Such changes
lead to an effect very similar to that of a gravitational
delensing of the Cosmic Microwave Background, due to
large gravitational structures in the universe. Formation
of modulation structures similar to the B-mode can be
identified in the CMB, after crossing an extended region
of interstellar dust. This could be easily mistaken as a
B-mode resulting from primordial gravitational waves.
This dust induced delensing results from a kind of col-
lective Cotton-Mouton effect, which was described here
with the help of a ray-tracing code for the two orthogonal
polarization states associated with the magnetized dust
gas. The ray-tracing simulations have also shown that,
both magnetic field perturbations and dust density mod-
ulations can leave an imprint on the polarization pattern
of the broad band radiation spectrum. For specific dust
density modulation conditions, formation of caustics can
take place, which however disappears with propagation.
Our results could be useful to the understanding of CMB
polarization. The importance of dust in the explanation
of the observed B-mode signature was noted before [9].
Previous models were based on thermal radiation from
dust grains. Here we provide an alternative and more
specific process, which can be used to explain qualita-
tively the observed phenomena. This, in a sense, com-
pletes the demonstration that dust is the main ingredient
leading to the formation of a B-mode on the polarization
pattern of the CMB radiation. Specific models of dust
grain distributions will have to be establish in order to
bring the explanation to more a quantitative accuracy
level.
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